Carbon burning is a critical phase for the nucleosynthesis in massive stars. The conditions for igniting this burning stage, and the subsequent isotope composition of the resulting ashes, depend strongly on the reaction rate for 12 C + 12 C fusion at very low energies. Measurements of the cross section for this reaction are strongly influenced by various backgrounds encountered in experiments at low energies. In this paper we report on new a measurement of 12 C+ 12 C fusion cross sections where these background problems have been eliminated. It is found that the astrophysical S factor exhibits a maximum at around E = 3.5-4.0 MeV which leads to a reduction of the previously predicted astrophysical reaction rate. When a massive star has exhausted its supply of hydrogen and helium, it contracts under the gravitational pressure leading to an increase in the temperature. At these elevated temperatures the ashes of helium burning (i.e. 12 C) can ignite and initiate the so-called carbon burning phase [1, 2] . The 12 C + 12 C fusion reaction is an important route for the production of elements with A≥20, and it also influences the later nucleosynthesis processes, such as the slow and rapid neutron-capture processes [3] .
In explosive scenarios such as in type Ia supernovae carbon burning occurs at higher temperatures. While experimental data relevant for this energy regime can be found in the literature [4] [5] [6] [7] [8] [9] [10] [11] the associated Gamow energies are still quite low, resulting in small cross sections which are in many cases influenced by background reactions. Furthermore, as discussed in Ref. [9] there are 20-100 keV energy shifts between the excitation functions measured by different groups resulting in large variationss of the 12 C + 12 C fusion cross sections.
For quiescent carbon burning in massive stars the Gamow window is so low that no experimental data exist in this energy regime. Phenomenonological extrapolations or model calculations are therefore needed in order to obtain the astrophysical reaction rate of the 12 C + 12 C reaction. For this extrapolation several predictions can be found in the literature [12] [13] [14] [15] .
A summary of the experimental data that can be found in the literature is given in Fig. 1 in a plot of the S factor (S(E) = σEe 2πη ) [4] [5] [6] [7] [8] [9] [10] [11] , where E is the center- of-mass energy, σ is the fusion cross section and η is the Sommerfeld parameter. The Gamow energy associated with quiescent carbon burning in massive stars is less than 2 MeV, which is outside of the energy region shown in Fig. 1 [16] .
As can be seen in Fig. 1 the experimental cross sections in the energy region of E=3-4.5 MeV differ by up to one order of magnitude. The two most recent experiments, performed by Spillane et al., [10] and by Zickefoose et al., [11] shown in Fig. 1 by the magenta and green symbols, respectively, used two different detection techniques. In Ref. [10] the γ-rays of the evaporation residues were detected, while Ref. [11] measured the charged particles emitted by the evaporation residues. The large uncertainties in these two experiments at the lowest energies are caused by both, the background encountered by the γ-and charged-particle-detection techniques and by the thick-target method which requires to subtract two spectra taken at slightly different energies. While Ref. [10] claimed to have observed a resonance at about 2.14 MeV, the later measurement [11] obtained cross sections in the same energy region which were smaller by about two orders of magnitude.
In order to obtain accurate cross sections of 12 C + 12 C fusion at low energies, a reduction of the background is essential. For that purpose we have developed a particle-γ coincidence technique that eliminates these backgrounds and provides reliable fusion cross sections for the 12 C + 12 C system [17] . In this article we present results from measurements using this technique and discuss their impact on the astrophysical reaction rates of carbon burning and on the theory of fusion reactions.
The experiment was performed at the ATLAS accelerator at Argonne National Laboratory using Gammasphere (GS) which is an array of about 100 Compton-suppressed Ge-detectors [18] to detect the γ rays from the 20 Ne and 23 Na evaporation residues. The coincident charged particles emitted from the evaporation residues were identified in a compact array of three annular double-sided silicon surface barrier detectors (DSSD1, DSSD2 and DSSD3) located inside GS. A schematic plot of the experimental setup is shown in Fig. 2 . Each Si detector had a thickness of 500 µm and was subdivided into 16 rings and 16 wedges covering the angular range of 147-170
• , 123-143
• and 17-32
• , respectively. The total solid angle coverage was about 25% of 4π. In order to reduce the count rate from elastically scattered 12 C ions and from other background reactions (e.g.
12 C + H → p and 12 C + D → p or d) aluminum absorber foils were placed in front of each DSSD. A Faraday cup and two monitor detectors were used for beam normalization. In addition, an image sensor sensitive to infrared light was installed to monitor the beam spot size and location during the runs. Contrary to the measurements in Ref. [10, 11] this is a thin-target experiment which does not require to subtract spectra taken at different energies.
Isotopically enriched (≥ 99.9%) 12 C targets of about 40-50 µg/cm 2 were used. Since in experiments using γ-ray detection techniques transitions populating the ground states in 23 Na and 20 Ne (e.g. 12 C + 12 C → 23 Na gs + p 0 ) cannot be measured corrections to the total fusion cross section have to be applied using previously measured yields from charged-particle experiments (see e.g. Ref. [8] ). This correction was about 13% at the lowest energy. Measurements were performed at ten beam energies between E lab =10-5.5 MeV. Maximum beam currents were about 600 pnA. The beam energy for each measurement was determined using the split-pole magnetic spectrograph, which was calibrated with standard α−sources. A detailed description of the experiment and the resulting reduction in background using the particle-γ coincidence technique can be found in Ref. [17] .
Particle-γ coincidence events from the 12 C( 12 C,p) 23 Na fusion reaction populating the first excited state in 23 Na at E x =0.440 MeV measured in DSSD1 at the second lowest energy, E cm =2.84 MeV are shown in Figs. 3a and 3b. The 440 keV γ-rays emitted from the fusion evaporation residues 23 Na 1st in coincidence with protons, p 1 of energies of ∼ 2.2 MeV are located in the rectangular region in Fig. 3a . In a plot of scatterimg angle vs. particle energy, these events follow the kinematics expected for the 12 C( 12 C,p 1 ) 23 Na 1st reaction as shown by the dashed line (and the band) in Fig. 3b .
Similar results are obtained for the 12 C( 12 C,α) 20 Ne reaction by gating on the 1.635 MeV, 2 + → 0 + transition in 20 Ne, as shown in Figs. (3c) and (3d) for the third lowest energy, E=2.96 MeV, in DSSD2. As can be seen in Fig. 3 there are two groups of coincident particles α 1 and p 2 because a γ-ray of 1.635 MeV can originate from the decay of the 2 + 1 state in 20 Ne which is in coincidence with an α particle but also from the decay of the 7/2 + 1 state to the 5/2 + 1 state in 23 Na (E γ =1.64 MeV) which is in coincidence with a proton showing the high resolving power of the particle-γ-coicidence technique.
The total coincidence efficiency determined from the angle coverage of the DSSD's and the efficiency of γ-ray detection was found to be around 9-7 % for E γ =440 and 1635 keV, respectively. The relative yields of the residues 23 Na and 20 Ne was around 0.9-1.6 in the energy region from E= 4.93-2.68 MeV. Results of the measured total fusion cross sections are listed in Table I . The cross section at 4.93 MeV, 4.8 ± 0.9 mb is in good agreement with the result of Ref. [8] .
The cross sections measured in this experiment converted into astrophysical S factors are shown by the black open circles in Fig. 4 . They are in good agreement with the recent measurements using γ-detection [10] , but have smaller uncertainties, since it was a background free measurement and results were not obtained by the thicktarget technique. It should be noted that the cross sections at the lowest energy point of the present measurement coincides with the result of Spillane et al. [10] .
Four results of model calculations and extrapolations into the low-energy region are included in Fig. 4 . The [14] . It was pointed out in Ref. [15] that for the fusion reaction of 12 C + 12 C → 24 Mg, the level density in the compound nucleus 24 Mg is low and the level widths are small. Therefore the conditions for using the incoming wave boundary condition in the CC calculations are not fulfilled. A calculation where this correction was included [15] is presented in Fig. 4 by the black curve.
The S factors from these three extrapolations increase with decreasing energy, contrary to the extrapolation which is based on the hindrance recipe described in Ref. [13] (shown by the red curve in Fig. 1 ). This extrapolation will be discussed in more detailed later.
In the region of the lowest energies measured in this experiment the data do not agree with an increase of S(E) predicted by Fowler [12] , Esbensen [14] and Jiang [15] . Instead we note that the S factor appears to decline towards the lower energy region and exhibits a weak maximum around 3.5-4 MeV, a behavior similar to the hindrance phenomenon found ten years ago in reactions between medium mass nuclei [19, 20] , where it was observed that at low energies the fusion cross sections fall off faster than expected by coupled-channels (CC) calculations using standard Woods-Saxon potentials. This steep fall-off produces a maximum in the S(E) factor at low energies. Since for these medium-mass systems, the fusion Q values are usually negative there has to be an S(E)-factor maximum because σ = 0 at energies E ≤ −Q [21] . For these systems the maximum of the S factor occurs typically at excitation emergies of the compound system of 20-40 MeV.
Two approaches have been proposed to describe the occurence of fusion hindrance at low energies. In the 'sudden model' Mişicu and Esbensen [22] introduce a repulsive core in the interaction potential to describe the saturation property of nuclear matter. Ichikawa et al. [23] developed an adiabatic model to explain the fusion hindrance by introducing a damping factor for the coupling strength in the region where the two colliding par- ticles come into contact.
More recently fusion hindrance has also been studied for systems with positive Q values. Contrary to fusion reactions with negative Q values these systems do not require the existance of an S(E)-factor maximum, since even at E = 0 the fusion cross sections can have a finite value. Some examples are presented in Fig. 5 Fig. 5d , the Q value is negative, -1.78 MeV.
Three kinds of extrapolations are included in Fig. 5 . The blue dashed curves are CC calculations with a standard Woods-Saxon potential, which always overpredict the experimental data at low energies. The green-dashed curves are CC calculations with a repulsive core included in the potential (sudden model) while the red curves are from the empirical extrapolations ( [13] ) using the same recipe as used for the red line in Fig. 4 . For these medium-mass systems, the calculations based on the sudden model reproduce the experimental data quite well as can be seen by the green-dashed lines.
This, however, is not the case for the 12 C + 12 C system which shows a broad, but noticable maximum in the S factor. The shape of the excitation function shown by the black points in Fig. 4 is similar to the ones presented in Fig. 5 indicating the existence of fusion hindrance in this system. However, sudden model calculations including a repulsive core [14] , (see magenta dashed line in Fig. 4) show an increase of the S factor towards lower energies in disagreement with the experimental data. The only extrapolation able to describe the excitation functions presented in Fig. 4 is the red curve which is based on the extrapolation recipe developed in Ref. [13] by using three fit parameters.
Using the system dependence of the these fit parameters as described in Ref. [13, [24] [25] [26] in Figs. 4 and 5a-5c, which are in very good agreement with the experimental data, including the 12 C + 12 C system where all previous extrapolations show an increase towards lower energies that is a variance with the new data.
The consequences of a reduced astrophysical reaction rate for the 12 C + 12 C fusion reaction have been discussed in Ref. [28] . The smaller cross sections and the resulting reduced reaction rates shift the ignition of carbon burning in massive stars to higher temperatures and densities and also enhances the abundance of long-lived radio-isotopes such as 26 Al and 60 Fe. A higher 26 Al yield would be in agreement with observations [29] .
The isotope 60 Fe (T 1/2 =2.61 My) is of particular interest since its detection in deep-sea sediments [30] [31] [32] and on the lunar surface [33] has been associated with recent (∼2.8 My) and close (∼10 pc) supernova explosions in our galaxy. Calculations with a reduced 12 C + 12 C reaction rate for a 20M ⊙ star predict an increase in 60 Fe by about a factor of two [28] which would influence the time and distance of these supernova explosions. It should be noted, however, that different nucleosynthesis models show similar variations in the 60 Fe production [34] . In summary, fusion cross sections of 12 C + 12 C have been measured down to about 6 nb by using a particle-γ coincidence technique, which eliminates the backgrounds that plagued earlier experiments. The cross sections when converted into S factors show a broad maximum indicating the effect of fusion hindrance even for such a light system. Fusion hindrance necessitates a different extrapolation method towards lower energies which leads to smaller astrophysical reaction rates for various astrophysical scenarios and give a challenge to fusion reaction theory.
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